A systemical analysis of the initial fluctuation effect on the collective flows for Au+Au at 1A GeV has been presented in the framework of Isospin-dependent Quantum Molecular Dynamics model (IQMD), and a special focus on the initial fluctuation effect on the squeeze-out is emphasized. The flows calculated by the participant plane reconstructed by the initial geometry in coordinate space are compared with those calculated by both the ideal reaction plane and event plane methods. It is found that initial fluctuation weakens squeeze-out effect, and some discrepancies between the flows extracted by the above different plane methods appear which indicate that the flows are affected by the evolution of dynamics. In addition, we found that the squeeze-out flow is also proportional to initial eccentricity. Our calculations also qualitatively give the similar trend for the excitation function of the elliptic flow of the FOPI experimental data. Finally we address the nucleon number scaling of the flows for light particles. Even though initial fluctuation decreases the ratio of v4/v 2 2 as well as v3/(v1v2) a lot, all fragments to mass number 4 keep the same curve and shows independent of transverse momentum.
I. INTRODUCTION
Recent relativistic heavy-ion collision (HIC) studies have recognized the importance of the initial fluctuations on the various order of flows [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . For instance, the origin of the triangular flow v 3 and higher harmonics is fluctuation in initial conditions [5, 9, 14] . In particular, v 3 vanishes, if the system starts with a smooth almondshaped initial state [5] . It also shows the ratio of elliptic flow to eccentricity (v 2 /ε 2 ) is sensitive to the initial fluctuation. By now, studies on the initial fluctuation effects are only limited in relativistic heavy-ion collision. At these energies, the initial fluctuation can be followed by hydrodynamic expansion and result in the long-range azimuthal correlations (or the anisotropy flows). Its energy dependence is thought as one of important observables to study various aspects of the QCD phase diagram in the beam energy scan (BES) program at RHIC [15] [16] [17] [18] . In intermediate energy HIC, no systematic study for the initial fluctuation effects on the collective flow has been presented except a brief report appeared by the same authors of the present work [19] . Also, the relationship between the eccentricity and squeeze-out (negative elliptic flow) is not yet reported to our knowledge. In contrast with relativistic energy HIC, the time scale of collision dynamics is larger (from tens of fm/c to hundreds of fm/c) in intermediate energy HIC, which may allow the other factors to develop and smear the longrange azimuthal correlations originating from the initial fluctuation. It is then worth addressing how the initial * Corresponding author. E-mail address: ygma@sinap.ac.cn fluctuation affects on the collective flow in intermediate energy domain.
In this paper, the collective flows are calculated in a framework of a nuclear transport model, namely Isospin Quantum Molecular Dynamics (IQMD), which allows the generation of events with event-by-event fluctuating initial conditions. To explore the effects of the initial fluctuation, we study the flows as functions of centrality, transverse component of four velocity and rapidity. Flow results with respect to different reaction plane determinations are compared with the experimental data. We also try to reproduce experimental excitation function of elliptic flow with our simulations. In addition, the relationship of elliptic flow versus eccentricity is discussed in different centralities. The EOS dependence of the collective flow is also presented. At the end, we will focus on phenomenology of mass-number scaling behavior of different harmonic flows and check the initial fluctuation effect on scaling behavior.
The paper is organized in the following way. A brief description of the IQMD model is introduced in Sec. II. The initial fluctuation is described in Sec. III. The methodology of the flow calculations is presented in Sec. IV. The results and discussion are presented in Sec. V. Finally, summary is given in Sec. VI.
II. BRIEF DESCRIPTION OF IQMD
The Quantum Molecular Dynamics (QMD) approach is an n-body theory to simulate heavy ion reaction at intermediate energies. It contains several major parts: the initialization of the target and the projectile nucleons, the spread of nucleons in the effective potential, the collisions between the nucleons, and the Pauli blocking effect [20] . There are different versions of QMD which are best used in different energy regions [21] [22] [23] [24] [25] . Of which, the IQMD model is based upon the QMD model and takes the isospin effects into account in various aspects: different density distribution for neutron and proton, the asymmetry potential term of the mean field, experimental cross-section for nucleon-nucleon and Pauli-blocking for neutron and proton respectively [21, 22] .
In IQMD each nucleon is represented by a Gaussian wave packet with a width parameter (here L = 8.66 fm 2 ) centered around the mean position r i (t) and mean momentum p i (t) [26, 27] :
(1) The nucleons interact by means of nuclear mean field and nucleon-nucleon collision. The nuclear mean field can be written by:
where ρ 0 is the normal nuclear matter density (here ρ 0 = 0.17 fm −3 ), ρ n and ρ p are the total, neutron and proton densities separately, τ z is zth component of the isospin degree of freedom, which equals 1 or -1 for neutrons or protons, respectively. The coefficients α, β and γ are the Skyrme parameters, which connect closely with the EOS of bulk nuclear matter. Two of them are fixed by the constraints that the total energy is minimum at the saturation density ρ = ρ 0 with a value of E/A = -16 MeV which corresponds to the volume energy in the BetheWeizsäcker mass formula and the free particle without binding energy. The third parameter is fixed by the nuclear compressibility, which is defined by:
Two different equations of state are commonly used: a hard equation of state (H) with a compressibility of κ = 380 MeV and a soft equation of state (S) with a compressibility of κ = 200 MeV [28] [29] [30] . δ and ε are the optional coefficients for the momentum dependent potential, which are taken from the measured energy dependence of the proton-nucleus optical potential [22] . HM and SM mean the hard equation of state and soft equation of state with momentum dependent potential. C sym is the symmetry energy strength due to the difference of neutron and proton. V c is the Coulomb potential and U Y uk is Yukawa potential. For the collisions, IQMD uses the experimental crosssection which contains the isospin effects and nuclear medium effect [22] . The Pauli blocking is also considered after the collisions, to consider fermion property of nucleons.
In IQMD initialization, the centroid of the Gaussian in a nucleus is randomly distributed in a phase space sphere (r ≤ R and p ≤ p F ) with R = 1.12A
1/3 fm corresponding to a ground state density of ρ 0 = 0.17 fm −3 [31] . P F is the Fermi momentum, which depends on the ground state density. For ρ 0 = 0.17 fm −3 it has a value of about P F ≈ 268 MeV/c. In this sense, the distribution of the density is nonuniform in IQMD, which leads to the initial fluctuation. This makes the study of the initial fluctuation effects on the collective flow in IQMD possible.
III. ANISOTROPIC FLOW AND REACTION PLANE
During heavy-ion collisions, the particle azimuthal distribution with respect to the reaction plane may not be isotropic which is accustomed to be expanded in a Fourier series [32] :
where the v n = cos[n(ϕ i − ψ RP )] coefficients are normally referred as n-th collective flow or anisotropic flow [33] and ψ RP is the reaction plane angle. Ideally, the reaction plane is defined by the vector of the impact parameter and the beam direction. It is found that the magnitude of v n is strongly correlated not only with the initial spatial eccentricity ε n but also with the determination of reaction plane.
A. Initial fluctuation and participant plane method
The initial fluctuation, or the fluctuation of the initial collision geometry, originates from the quantum fluctuation in wave function of projectile and target [1] . It affects both the orientation of the reaction plane and the value of eccentricity. At the moment of the maximum compression in the HIC, the overlap area is formed, which fluctuates from event to event. At this moment, the participant plane angle can be defined as:
here r and φ are the polar coordinate position of each nucleon and the average ... is density weighted in the initial state. The n-th collective flow v n with respect to participant plane is defined as:
The n-th order participant eccentricity calculated with respect to the participant plane is defined as:
It has been found that the initial fluctuation causes the difference between the participant eccentricity and standard eccentricity of the smooth overlap distribution in previous study [34] .
B. Event plane method and resolution
As known in experiments, the reaction plane angle can not be directly measured, the anisotropic flows v n are measured with the event plane method [35, 36] , which estimates the azimuthal angle of the reaction plane from the observed event plane determined from the collective flow itself. The event plane angle is given as :
The above sum goes over all the particles used in the event plane reconstruction. ϕ i and ω i are the azimuthal angle and weight for particle i. Since the optimal choice for ω i is to approximate v n (p T ,y), the transverse momentum is a common choice as a weight [33] . The observed v n measured with respect to the event plane is written by:
Since finite multiplicity limits the estimation of the angle of the reaction plane, the v n has to be corrected by the event plane resolution for each harmonics given by:
where the angle brackets mean an average over a large event sample. The event plane resolution depends on the multiplicity of particles used to define the flow vector and the average flow of these particles via the resolution parameter [35] [36] [37] :
where χ = v n √ M with M the multiplicity and I k is the modified Bessel function.
To calculate the resolution we divide the full events into two independent sub-events of equal multiplicity [38] . The sub-event resolution is defined as:
where A and B denote the two subgroups of particles. For the given ℜ n,sub the solution for χ in Eq. [11] is done by iteration. The full event plane resolution is obtained by:
The final collective flow with respect to the event plane is
In event plane method, the event plane is calculated by the final momentum phase space. The flows extracted through this method may be affected by the following evolution of the reaction dynamics. In Ref. [5] , it shows that in Au+Au collisions at √ s N N = 200 GeV from a A Multi-Phase Transport (AMPT) the elliptic flow v 2 and the triangle flow v 3 with respect to the event plane are larger than those with respect to the participant plane. That illustrates the evolution of the dynamics does influence the collective flow.
IV. RESULTS AND DISCUSSION
With the methods introduced above, we study the collective flows systematically. Centrality, transverse component of four velocity and rapidity dependent behaviors for v n are investigated. Stress are laid on the influences of initial fluctuation, which is for the first time considered in intermediate energy HIC. The reaction system Au+Au is investigated to compare with the FOPI experimental data [39] . [39] , where y 0 = y/y p is the scaled rapidity (scaled to the projectile rapidity) and u t0 = u t /u p is the scaled transverse 4-velocity. Note that in v 2 calculation, we have applied the detector geometrical cut of the FOPI detector to make a quantitative comparison (the same for the following parts).
Before the analysis for the influences of initial fluctuation on the flows, we checked the impact of fluctuation on the particle spectrum itself. It is observed that there exists the quantitative difference between the average of the sum of p Now let's see the directed flow case. It shows that the y 0 dependence of v 1 with respect to (w.r.t) the participant plane is weaker than that w.r.t the reaction plane, and the shape of v 1 w.r.t event plane is steeper than that w.r.t participant plane. That means the initial fluctuation decreases v 1 , however, the evolution of dynamics recovers this effect so that v EP 1 is eventually similar to v RP 1 . From the quantitative comparison with the data [39] , the directed flow by either the reaction plane method or event plane method reasonably reproduces the v 1 data vs rapidity. However, the transverse velocity dependence of the v 1 data cannot be perfectly fitted by either simulation w.r.t various planes. In low u t0 region, the v 1 simulation with the participant plane can describe more or less the data, however, the v 1 simulation with the reaction plane or event plane gives a close fit to the data.
Secondly, we move on the discussion on rapidity and transverse velocity dependencies of elliptic flow. A Vshape y 0 dependence (Fig. 1c) indicates that proton favors in-plane emission (v 2 > 0) in projectile-like and target-like regions (larger rapidity) while the squeezeout (v 2 < 0) emission dominates in the overlapping region (mid-rapidity). From mid-rapidity to projectilelike/target-like rapidity, protons are dominantly emitted from out-of-plane to in-plane, which is consistent with the decreasing of spectator shadowing. Transverse velocity dependence (Fig. 1d) shows that with the increasing of u t0 protons tend to be more squeeze-out emission, i.e. protons with higher transverse velocity can be easily ejected from the overlapping zone and more conically focused perpendicular to the beam axis.
From Fig.1c and 1d , one can see that the v 2 w.r.t the reaction plane is a little larger than that w.r.t the participant plane, especially in higher velocity, which illustrates that the initial fluctuation weakens v 2 . While, there is almost no discrepancy between v 2 w.r.t the event plane and that w.r.t the participant plane. That means the dynamic evolution affects little on v 2 in the present study. This phenomenon is different from what is known at RHIC energy, where the initial fluctuation enhances v 2 and the dynamic evolution changes v 2 further [5] . In the figure, the FOPI data is again plotted in order to check our model calculations. Although these three methods w.r.t different planes for elliptic flow calculation do not give full quantitative agreements with the data, the trends of v 2 as functions of y 0 and u t0 are the similar with the data. Relatively, v 2 of ideal reaction-plane method approaches to the data nicely.
Thirdly, we also study triangular flow v 3 with those three plane methods as functions of y 0 and u t0 as shown in Figs. 1e and 1f . They show that the initial fluctuation smooths the shape of the v 3 dependence on y 0 and u t0 . Just like its effects on v 1 , the initial fluctuation reduces the amplitude of v 3 . It is also found that the magnitude of v 3 w.r.t event plane is not equal to that w.r.t reaction plane. However, all the magnitudes of v 3 calculated from various methods are limited only within ± 2%. This is very different from the RHIC case, at which triangular flow originates mainly from the initial fluctuation.
B. Impact parameter and beam energy dependence
In Fig. 2 , we show the centrality dependence of v 1 and v 2 . Here the centrality is defined as reduced impact parameter, namely b 0 , which is the impact parameter normalized by the largest impact parameter of the system. Our calculation and FOPI data [39] The average value of elliptic flow w.r.t participant plane, v P P 2 , as a function of participant ε 2 , at midrapidity (|y 0 | <0.5) is presented for 1A GeV Au + Au collisions in different impact parameter regions in Fig. 3 . It shows that the magnitude of v P P 2 is proportional to ε 2 . Furthermore, the same slope holds for v 2 vs ε 2 except for a few largest ε 2 points. This indicates that elliptic anisotropy in initial collision geometrical space leads to an elliptic anisotropy in particle production along the perpendicular direction in the overlapping participant zone. In previous studies at relativistic energies, a proportional relationship between positive v 2 and ε 2 has also been demonstrated [5] . Here, a similar proportional trend is, for the first time, seen for the negative v 2 versus ε 2 . It means that under shadowing effect, the squeeze-out emission becomes more conical when the the geometrical overlapping zone is more prolate. On the other hand, the absolute value of v 2 increases with the impact parameter when the value of ε 2 is 0, which can be attributed by the increasing shadowing effect at larger impact parameter [39] . , as a function of participant plane eccentricity, ε 2 at given four impact parameter ranges for Au+Au collisions at E = 1A GeV. Line describes a proportional relation of the absolute values of v 2 versus ε 2 with a slope value of -0.045.
In order to understand better the dynamical process, we consider the time evolutions of the density and ε 2 . Before the collision (t = 0 fm/c), we set projectile and target at positions at −r and r respectively, in beam direction in the center of mass system, where r is the radius of Au. Shown in Fig. 4 are the average density evolutions with time for 1A GeV Au + Au collisions in different impact parameter regions. The system reaches their maximum densities near 9 fm/c, which are almost independent of the impact parameter. Here a central sphere with radius 5 fm is selected for the density calculation. We then calculate the average eccentricity of the system at this time, because the initial anisotropy changes little before the maximum compression stage. Shown in Fig. 5 are the time evolutions of the average eccentricity ε 2 of the system. It should be noted here no special rapidity cut is applied here and the eccentricity ε 2 is defined according to formula (7) . The eccentricity near 9 fm/c is chosen as the initial eccentricity, and its distribution reflects the initial fluctuation of the system. In this work, we do not focus on the effect from the distribution of the initial eccentricity, but the effect from the mean eccentricity. The initial fluctuation effect then comes most from the participant plane angle at event-by-event level, which defined in formula (5). [39] . Both IQMD calculation and experimental results show a transition energy from positive v 2 to negative v 2 around 0.2A GeV and a maximum squeeze-out flow around 0.5A GeV and then decreases towards a transition to in-plane preferential emission at higher energies which are beyond our present energy points [40] . This energy dependence reflects that a competition result from a consequence of comparable spectator shadowing passing times and fireball expansion times, in this energy regime [41] . At energies below 0.2A GeV, particles show positive elliptic flow, illustrating a collective rotational behavior dominates [42, 43] . In addition, we should mention that the present calculations do not give a full quantitative fits but underpredict the energy dependence of squeeze-out flow even though the trend is well described especially for the reaction plane method. Of course, more calculations have been performed on flow excitation function but no consistent agreement between data and calculations exists over all the energy range [41] . Hence, some spaces are remained for the model improvement. Here, in IQMD calculation, again we use the SM equation of state parameter.
C. EOS dependence
We also compare the flows with different equation of state (EOS) parameters, i.e. with either the SM or the HM as shown in Fig. 7 . Our previous study on the particle spectrum has illustrated that the HM leads to the higher transverse momentum tail than the SM case [44] . In the viewpoint of the effects on flows, we can see the flows with the SM are smaller than the ones with the HM, which is related a higher transverse momentum tail for the HM [44] . And the effects of the initial fluctuation on v 1 and v 2 from the SM are smaller than that from the HM. We note that for quantitative fits to the data, the SM is better for the v 1 with the reaction-plane method, but the HM is better for the v 2 data with the same method. Hence, the model is not fully satisfied to describe the data, which remains the space to improve the model in some ways. 
D. Scaling behavior of flows
In our previous study on low-energy flow calculation, we have found an approximate mass number scaling holds for directed flow as well as elliptic flow of light nuclear fragments [45, 46] . Later on, Oh and Ko also found a similar scaling of the nucleon number for deuteron at RHIC energies using a dynamical model [47] . Fig. 8(a) and (b) shows the rapidity dependence of v 1 and v 2 scaled by a factor of C(A) for light particles. Here C(A) = v 3 /(v 1 v 2 ) has been discussed in hydrodynamical model and partonic transport model at RHIC energies [48, 49] as well as in Quantum molecular dynamics model in low energy [46] . Here we also address these ratios as a function of p T . Fig. 9 and v 3 /(v 1 v 2 ) is about 0.5 and 0.6, respectively, independent of transverse momentum. This p T independent behavior indicates a kind of scaling. The value of 0.5 was predicted for v 4 /v 2 2 by an ideal hydrodynamical model assuming thermal equilibrium [49] and the same ratio was also predicted by the quantum molecular dynamics model in our previous work on low energy HIC [45] based on the nucleonic coalescence model. Here again, v 4 /v 2 2 is around 1/2 for A = 1-4 particles within IQMD model for 1A GeV Au + Au collision, which means the nucleonic coalescence model can explain the ratio. However, this ratio dramatically decreases after the initial fluctuation is taken into account in our flow calculations, eg. the v 4 /v 2 2 is only around 0.1. This behavior seems conversely with the phenomenon in relativistic heavy ion collision where the high value of v 4 /v 2 2 seen experimentally is argued mostly from by elliptic flow fluctuation [50] . However, the ratios for different light particles still keep the same as well as independent of transverse momentum, i.e. the scaling behavior dose not break. Similarly, v 3 /(v 1 v 2 ) shows a constant value around 0.6 before the initial fluctuation is considered, but it decreases to around 0.12 when the initial fluctuation is taken into account. The decreased ratios indicate that the higher harmonic flow is quenched more strongly due to the initial fluctuation. This is similar to viscous damping for higher harmonic flows [5] .
V. SUMMARY
We analysed the flows as functions of rapidity, transverse 4-velocity, centrality and beam energy for Au+Au collisions at 1A GeV, to investigate the effect of the initial fluctuation on flows. We would emphasize that this is for the first time check of the initial fluctuation effect on the squeeze-out emission. Quantitative comparison of the flows w.r.t the participant plane is made with the experimental method (event plane method), to investigate the effect of evolution of dynamics. In addition, we compare the flows with the experimental data from the FOPI Collaboration. We found that the initial participant fluctuation has indeed some effects on the flows. However, in contrast with HIC in the ultra-relativistic region, the initial fluctuation weakens the squeeze-out flow, which indicates the anisotropy due to initial fluctuation was quenched to some extent by the spectator shadowing effect. In addition, squeeze-out flow also shows proportional to initial eccentricity, indicating squeeze-out essentially develops from the initial overlapping region. A quantitative comparison with the excitation function of v 2 shows that our simulation data are smaller than the experimental data even though the trend is very close, which may be caused by two reasons. One is the variation of physical parameters (like the ground state densities,interaction ranges) whose precise values are not known; the other is the complicate input parameters such as EOS and in-medium cross section etc are not well decided.
In addition, the flow scaling behaviors for different light fragments are also checked in the present simulation. It is found that the v 1 and v 2 of different fragments can be scaled by a function of mass number plus a constant term even the initial fluctuation has been taken into account. The ratios of v 4 /v 
